of one cycle of treatment (range 1-4). there were no protocol-defined dose-limiting toxicities in the cisplatin arm. However, the cohort was closed due to the need for frequent dose delays and/or reductions and two patients experiencing severe thromboembolic events. there were two dose-limiting toxicities in the carboplatin arm at the starting dose level of dovitinib (both prolonged neutropenia), and the dose of dovitinib was de-escalated to 200 mg. two additional dose-limiting toxicities (prolonged neutropenia and febrile neutropenia) occurred in the lower dose cohort, and the study was closed. no patients achieved an objective response to treatment. Conclusions Dovitinib in combination with gemcitabine plus cisplatin or gemcitabine plus carboplatin was poorly tolerated due to myelosuppression.
Background
Several processes central to tumor progression, including growth, invasion, and metastasis, depend on an adequate blood supply. angiogenesis, the process by which the neovasculature is recruited, is orchestrated by a host of stimulatory and inhibitory factors released by both tumor and stromal cells [1] . among these stimulatory factors, vascular endothelial growth factor (VegF) is among the most well characterized. targeting the VegF/vascular endothelial growth factor receptor (VegFr) signaling axis has proven effective in the treatment of multiple solid tumors, particularly when administered in combination with chemotherapy [2] [3] [4] .
Abstract
Purpose Dovitinib is a small molecule kinase inhibitor with activity against the fibroblast growth factor and vascular endothelial growth factor receptor families. the purpose of this phase Ib study was to define the recommended phase 2 dose of the combinations of gemcitabine and cisplatin or gemcitabine and carboplatin plus dovitinib. Methods Patients with advanced solid tumors were enrolled in two parallel dose escalation arms (cisplatin-or carboplatin-based regimens). treatment was administered with gemcitabine (1,000 mg/m 2 on days 1 and 8), cisplatin (70 mg/m 2 ), or carboplatin (aUC 5) on day 1, and dovitinib (orally on days 1-5, 8-12, and 15-19) , every 21 days. the starting dose of dovitinib was 300 mg and was dose escalated in successive cohorts using 3 + 3 dose escalation rules. Results Fourteen patients with advanced solid tumors were enrolled, five to the cisplatin arm and nine to the carboplatin arm. Patients enrolled in the cisplatin arm received a median of two cycles of treatment (range [1] [2] [3] [4] [5] , and patients enrolled in the carboplatin arm received a median the fibroblast growth factors (FgFs), and their receptors (FgFrs), also control a number of critical cellular functions including migration, proliferation, and survival [5] . there is substantial cross talk between the VegF and FgF signaling pathways, and FgF signaling has emerged as an important mediator of resistance to VegFr inhibition [6] . FgF/FgFr signaling has also been shown to have an oncogenic role in multiple cancers via a variety of mechanisms including receptor and ligand gene amplification as well as through activating mutations and gene fusions [5, 7, 8] . Importantly, activating mutations in FgFr3 are among the most common recurrent oncogenic alterations in bladder cancer [9] [10] [11] .
Dovitinib is a potent small molecule tyrosine kinase inhibitor with activity against FgFr1-3, VegFr1-3, as well as PDgFr, ret, Flt3, and c-kit [12] . Dovitinib has demonstrated anticancer effects as a single agent, and in combination with cytotoxic chemotherapy, in a range of preclinical models both in cell culture and in vivo [13] [14] [15] [16] [17] [18] . In single-agent phase I studies in patients with advanced solid tumors, dovitinib demonstrated safety, linear pharmacokinetics, and modulation of downstream signaling (e.g., decrease in phosphorylated erK in peripheral blood mononuclear cells post-treatment) [13, 19, 20] . Based on the established role of combining antiangiogenic and cytotoxic agents, the role of FgF/FgFr signaling in mediating resistance to VegF/VegFr signaling, and the oncogenic role of FgF/FgFr signaling in multiple solid tumors, we initiated a phase Ib study of dovitinib given in combination with gemcitabine plus cisplatin or gemcitabine plus carboplatin. Our ultimate goal was to define the recommended phase 2 dose (rP2D) of these combinations for further study in cisplatin-eligible and cisplatin-ineligible patients with advanced bladder cancer, respectively.
Patients and methods
Patients eligible patients were age ≥18 years with metastatic solid tumors refractory to standard therapy or for whom gemcitabine plus cisplatin/carboplatin would constitute appropriate therapy. Patients had discontinued all prior chemotherapy and immunotherapy at least 4 weeks prior to enrollment and had a Karnofsky performance status of ≥70 %. required baseline laboratory values included absolute neutrophil count ≥1.5 × 10 9 /l; platelets ≥125 × 10 9 /l; hemoglobin ≥9 g/dl; serum creatinine clearance ≥60 ml/min or creatinine ≤1.5 for the cisplatin arm or a serum creatinine clearance ≥30 ml/min for the carboplatin arm; bilirubin ≤1.5 × upper limit of normal (Uln); alanine transaminase and aspartate transaminase ≤1.5 × Uln; and a normal cardiac ejection fraction.
Patients were excluded from participation for any of the following reasons: treatment with more than three prior chemotherapy regimens; impairments interfering with the ability to swallow or absorb pills; clinically significant infections; or impaired cardiac function. the study was approved by the Icahn School of Medicine at Mount Sinai Institutional review Board, and each patient provided written informed consent prior to enrollment.
Study design
this study was a single-center, non-randomized, open-label phase Ib trial of dovitinib given in combination with chemotherapy. the study included two arms, one exploring the combination of gemcitabine, cisplatin, plus dovitinib and the other exploring the combination of gemcitabine, carboplatin, plus dovitinib. enrollment to the cisplatin arm versus carboplatin arm was based on patient suitability (e.g., creatinine clearance) and investigator discretion. enrollment and dose escalation of both arms proceeded in parallel. treatment was administered in 21-day cycles, with cisplatin (70 mg/m 2 intravenously) or carboplatin (area under the curve of 5 using the Calvert formula) administered on day 1 and gemcitabine (1,000 mg/m 2 intravenously) administered on days 1 and 8; the starting doses of gemcitabine and cisplatin/carboplatin remained fixed in successive cohorts (Fig. 1) . a 3 + 3 design was employed for dose escalation of dovitinib, and dosing began at 300 mg orally once daily on days 1-5, 8-12, and 15-19, every 21 days (with plans to dose escalate to 400 and 500 mg administered via the same schedule in successive cohorts). two study arms were enrolled, and doseescalated, simultaneously, gemcitabine plus cisplatin plus dovitinib and gemcitabine plus carboplatin, plus dovitinib. gemcitabine plus cisplatin or gemcitabine plus carboplatin were administered at standard doses. the dose of dovitinib was to be escalated in successive cohorts. treatment in both arms was administered in 21-day cycles, and treatment was continued until the time of prohibitive toxicities or disease progression Decisions regarding dose escalation/de-escalation were based on safety assessments during the first cycle of treatment using the Common terminology Criteria for adverse events version 4.0 (CtCae v4.0). Dose-limiting toxicities (Dlts) were defined as grade 4 neutropenia lasting >7 days; grade 4 neutropenia with fever, regardless of duration; grade 4 thrombocytopenia lasting >7 days; grade ≥3 thrombocytopenia with bleeding, regardless of duration; any grade 3 or 4 non-hematologic toxicity optimally treated with supportive care (excluding alopecia) lasting ≥7 days; liver function test abnormalities (alt >3 × Uln and bilirubin of >2 × Uln or bilirubin >3 × Uln); and any toxicity considered to be attributable to dovitinib preventing delivery of the first cycle of combination therapy. If one of three patients enrolled in a cohort experienced a Dlt within the first cycle of treatment, three additional patients were enrolled at that dose level. If a Dlt was observed in two or more patients at any dose level, escalation ceased and the dose of dovitinib was de-escalated or the previous dose level was declared the rP2D.
Dose delays and modifications were based on algorithms for specific hematologic and non-hematologic toxicities. In the event that an adverse event could be attributable to a specific agent (e.g., hypertension related to dovitinib), only that particular agent was dose-adjusted. two permanent dose reductions of gemcitabine and cisplatin/carboplatin and one permanent dose reduction of dovitinib were permitted. Patients were allowed to continue on treatment, in the absence of prohibitive toxicities, until the time of disease progression.
Pharmacokinetic assessments
Whole blood samples were collected on the following days of cycle 1: day 19 pre-dose, 3, 6, 9 h; day 20 post-dose (~2 h); day 21 post-dose (~2 h); cycle 2 day 1 pre-dose; cycle 2 day 19 pre-dose; for the determination of plasma dovitinib concentration using a validated assay as previously described [20] .
antitumor activity restaging computed tomography scans of the chest, abdomen, and pelvis were performed after every 2 cycles of treatment. response assessments were based on reCISt v1.1.
Results

Patient characteristics
Between 3/2012 and 6/2013, 14 patients with various tumor types were enrolled, 9 to the carboplatin arm and 5 to the cisplatin arm. the baseline patient characteristics are outlined in table 1. Patients enrolled in the cisplatin arm received a median of two cycles of treatment (range 1-5), and patients enrolled in the carboplatin arm received a median of one cycle of treatment (range 1-4). the reasons for treatment discontinuation included adverse events (43 %), disease progression (29 %), and withdrawal of consent (20 %).
Safety and tolerability three patients were initially enrolled in the cisplatin arm with dovitinib administered at the 300-mg dose level (table 2). though none of these patients experienced protocol-defined Dlts, due to the need for frequent dose delays and reductions after cycle 1 predominantly due to neutropenia and/or thrombocytopenia (tables 3, 4), a decision was made to expand the cohort to better define the tolerability of the regimen. an additional two patients were enrolled, and neither patient experienced a Dlt. However, both patients developed thromboembolic events requiring hospitalization during cycle 2. One patient with a uterine leiomyosarcoma was hospitalized with an iliac artery occlusion requiring surgical intervention, while the other patient, with renal medullary carcinoma, was admitted with an upper extremity deep venous thrombosis requiring catheter-directed thrombolysis and stenting. though the attribution of these events to the study drug was not clear, given the severity of the events and the multiple dose delays and reductions required by the other patients enrolled, a decision was made to close the cisplatin cohort for poor tolerability. among the three patients enrolled in the carboplatin arm with dovitinib administered at the 300-mg dose level (table 2) , one patient experienced prolonged grade 4 neutropenia consistent with a Dlt. the cohort was expanded, but another patient experienced prolonged grade 4 neutropenia, and the cohort was closed. the dose of dovitinib was de-escalated to 200 mg (orally once daily on days 1-5, 8-12, and 15-19); however, two of the four patients enrolled at the lower dose level experienced Dlts (prolonged grade 4 neutropenia and febrile neutropenia), and the cohort was closed and a decision was made to close the study due to poor tolerability of both regimens.
the most prominent adverse events in both the cisplatin and carboplatin arms were cytopenias (table 3): 64 % of patients experienced grade 3-4 neutropenia, and 36 % of patients experienced grade 3-4 thrombocytopenia. the remainder of the adverse events was consistent with the known side effect profiles of gemcitabine, cisplatin/carboplatin, and dovitinib. recurrent thrombocytopenia and neutropenia prohibited maintaining the planned dose density and intensity of the combination regimens (tables 2, 4). the majority of patients could not receive dovitinib dosing on days 15-19 (of any cycle) due to neutropenia and/or thrombocytopenia (table 2). Most patients required at least one dose delay and/or reduction of each drug with many patients requiring multiple dose delays and reductions, particularly patients receiving treatment beyond cycle 1.
Pharmacokinetics
Because the majority of patients could not receive day 15-19 dovitinib dosing during cycle 1 due to neutropenia and/ or thrombocytopenia, there were insufficient pharmacokinetic samples drawn to proceed with the planned analysis.
antitumor activity no patients achieved a partial or complete response to treatment. Four patients achieved a minor regression/stable disease for 6+, 3+, 3+, and 4+ months with cholangiocarcinoma, laryngeal carcinoma, colon carcinoma, and nonsmall cell lung carcinoma, respectively. notably, the patient with cholangiocarcinoma had previously been treated with gemcitabine plus cisplatin and subsequently with gemcitabine as a single agent before progressing and enrolling in the gemcitabine, cisplatin, plus dovitinib cohort.
Discussion
In this phase Ib trial of gemcitabine, cisplatin/carboplatin, plus dovitinib, treatment was poorly tolerated due to cytopenias preventing maintenance of the planned dose density and dose intensity of the regimens. though most patients had received prior lines of chemotherapy, the eligibility precluding more than three prior chemotherapy regimens resulted in a somewhat less heavily pre-treated cohort compared with many phase I clinical trials. Still, treatment was only delivered for a median of 1 and 2 cycles in the carboplatin and cisplatin cohorts, respectively, and the majority of patients discontinued study treatment due to adverse events or withdrawal of consent. the high proportion (20 %) of patients withdrawing consent was largely a result of extended dose delays due to cytopenias.
regimens combining gemcitabine and a platinum agent (particularly carboplatin) are associated with frequent thrombocytopenia and neutropenia, and the contribution of dovitinib to the observed toxicities is difficult to ascertain in this uncontrolled phase Ib study. as a single agent, dovitinib has generally been administered at a dose of 500 mg orally on a 5-day-on/2-day-off schedule in phase II and III studies. In a recently reported large phase III study in patients with metastatic renal carcinoma, single-agent dovitinib was associated with any grade thrombocytopenia in 17 % of patients and any grade neutropenia in 16 % of patients; however, grade 3-4 thrombocytopenia and neutropenia were rare events (both <3 %) [21] . In enzymatic kinase assays, dovitinib inhibits both Flt3 and c-kit likely contributing to the observed myelosuppression. While pharmacokinetic analyses could not be completed due to the majority of patients requiring holding of dovitinib on days 15-19 of cycle 1 due to cytopenias, no drug-drug interactions were expected between dovitinib and gemcitabine plus carboplatin. Dovitinib binds to plasma proteins such as albumin up to 96 % in humans, while gemcitabine and carboplatin do not bind to plasma proteins. therefore, the free concentration of dovitinib in plasma, the driving force of dovitinib distribution to the tissue, was not expected to have been altered by coadministration of gemcitabine plus carboplatin. alternatively, the possibility that cisplatin could have affected dovitinib exposure cannot be excluded. the platinum from cisplatin binds to several plasma proteins, including albumin. Whether this binding could compete with the binding of dovitinib to albumin, increasing the free concentration of dovitinib and resulting in increased tissue levels, is unclear. Despite these considerations, the cytopenias observed in the cisplatin and carboplatin arms were overall similar (though perhaps slightly worse in the carboplatin arm) and the toxicity of the combination regimens is likely due to overlapping adverse event profiles rather than drug-drug interactions. aside from the protein-binding considerations, neither dovitinib nor the cytotoxic agents were anticipated to impact the metabolism of the other drug(s) based on their known pharmacology. an alternative dosing schedule may have resulted in a more tolerable regimen. However, given that the majority of patients were unable to receive week 3 dovitinib dosing, the current study essentially tested a "2-week-on, 1-weekoff" dovitinib regimen. Despite dose reductions of the cytotoxic agents as per protocol guidelines, this regimen still proved difficult to administer. While even less frequent (e.g., pulsatile dosing around each cytotoxic treatment), or lower dose, dovitinib could be considered, whether intermittent engagement of FgFr and VegFr is sufficient to achieve the desired anticancer effects is not known.
Combining cytotoxic chemotherapy with multi-targeted kinase inhibitors has been problematic in several studies. We previously demonstrated that the combination of gemcitabine, cisplatin, plus sunitinib, in patients with metastatic urothelial cancer, was also poorly tolerated due to the need for frequent dose delays and reductions related to cytopenias [22] . Furthermore, in a systematic review and meta-analysis of clinical trials combining VegFr or epidermal growth factor receptor (egFr)-family kinase inhibitors with cytotoxic chemotherapy in solid tumors, we have shown that compared with chemotherapy alone, the addition of a kinase inhibitor significantly increased the risk of treatment discontinuation and adverse events including neutropenia and thrombocytopenia [23] .
the cisplatin cohort of our study was closed due to both poor tolerability and the development of severe thromboembolic events in two patients. Whether VegFr kinase inhibitors increase the risk of thromboembolic events has been controversial and prior meta-analyses have suggested an increase in arterial, but not venous, events [24, 25] . alternatively we have demonstrated an increase in the risk of venous thromboembolic events with the use of cisplatin, compared with other cytotoxic agents, but not an increase in arterial thromboembolic events [26, 27] . Patients with advanced malignancies are at high risk for thromboembolic disease, and the relative contribution of the platinum agents, and dovitinib, to the two events observed in our study cannot be delineated. a goal of our study was to define a rP2D of the combination regimens for further study in advanced urothelial cancer, a disease characterized by a high frequency of activating mutations in FgFr3 [28] . Since the initiation of our study, dovitinib has been explored as a single agent in a phase II clinical trial enrolling patients with FgFr3-mutated urothelial cancers and demonstrated negligible anticancer activity [29] . Whether the lack of activity reflects the importance of FgFr3 as a therapeutic target in urothelial cancer, possible feedback with egFr signaling [30] , or the pharmacology of this particular agent, is unclear, though recent clinical proof-of-concept established with novel selective pan-FgFr inhibitors suggests the former is unlikely [31] .
Despite being generally associated with unique nonhematologic side effects, small molecule multi-targeted kinase inhibitors have generally been difficult to combine with cytotoxic chemotherapy regimens, particularly due to myelosuppression. given the importance of FgFr signaling in a range of solid tumors, and preclinical data supporting targeting this pathway concurrently with cytotoxic chemotherapy, efforts to combine cytotoxic agents with more selective FgFr small molecule inhibitors or blocking monoclonal antibodies are worthy of further investigation.
